Fluorescence Lifetime Imaging Microscopy (FLIM) has been applied to plants, algae and cyanobacteria, in which excitation laser conditions affect the chlorophyll fluorescence lifetime due to several mechanisms. However, the dependence of FLIM data on input laser power has not been quantitatively explained by absolute excitation probabilities under actual imaging conditions. In an effort to distinguish between photosystem I and photosystem II (PSI and PSII) in microscopic images, we have obtained dependence of FLIM data on input laser power from a filamentous cyanobacterium Anabaena variabilis and single cellular green alga Parachlorella kessleri. Nitrogen-fixing cells in A. variabilis, heterocysts, are mostly visualized as cells in which short-lived fluorescence (≤0.1 ns) characteristic of PSI is predominant. The other cells in A. variabilis (vegetative cells) and P. kessleri cells show a transition in the status of PSII from an open state with the maximal charge separation rate at a weak excitation limit to a closed state in which charge separation is temporarily prohibited by previous excitation(s) at a relatively high laser power. This transition is successfully reproduced by a computer simulation with a high fidelity to the actual imaging conditions. More details in the fluorescence from heterocysts were examined to assess possible functions of PSII in the anaerobic environment inside the heterocysts for the nitrogen-fixing enzyme, nitrogenase. Photochemically active PSII:PSI ratio in heterocysts is tentatively estimated to be typically below our detection limit or at most about 5% in limited heterocysts in comparison with that in vegetative cells.
Introduction
All chemical energy in the biosphere on Earth is mostly attributable to photosynthesis, the primary step of which is a conversion from a solar photon to transmembrane charge separation in chloroplasts of plants and algae or some photosynthetic prokaryotes including cyanobacteria. Although most of the absorbed photons by photosynthetic pigments are used to drive the charge separation and subsequent synthesis of energyrich chemicals, some minor portion of photons are reemitted as autofluorescence or dissipated as heat. Autofluorescence of photosynthetic pigments, especially that of chlorophyll a (Chla), has been thus widely and extensively monitored as an index of photosynthetic reactions in oxygenic photosynthetic organisms [1, 2] . Microscopic fluorescence images of Chla is also useful for understanding the structures and photochemical functions of thylakoid membrane in chloroplasts of plants and cyanobacterial cells under physiological conditions [3] [4] [5] . Fluorescence spectral acquisition in microscopic imaging has also been successful to obtain images of important photosynthetic molecular components like photosystem I (PSI), photosystem II (PSII), and lightharvesting molecules [4, [6] [7] [8] [9] [10] [11] [12] . However, fluorescence intensity suffers from attenuation due to absorption, refraction and scattering during transmission through the samples between focus plane of interest and microscope objective. This leads to deformation of fluorescence spectra, because the attenuation of signals is dependent on fluorescence wavelength [11] .
Fluorescence lifetime (FL) measurement function has been recently implemented in laser scanning confocal fluorescence microscopy in order to obtain an image with fluorescence decay parameters in all pixels (Fluorescence Lifetime Imaging Microscopy, FLIM) [4, 13] . Time constants of fluorescence decay are robust parameters against attenuation, because they are just determined by the nature of distribution of the delay time between absorption of excitation photon and emission of fluorescence photon. The nature of the distribution is unchanged by the attenuation of the number of fluorescence photons, as far as attenuation is in a linear regime, under which propagation and transmission of the fluorescence does not depend on the fluorescence intensity.
Fluorescence decay on a picosecond to nanosecond time scale of thylakoid membrane reflects the time scales of energy conversion and/or dissipation from photons to chemical energy and/or heat. It is thus expected that FLIM can be used to a wide range of studies on thylakoid membrane in plants, algae and cyanobacteria. There are already a substantial number of applications of FLIM to study many aspects of thylakoid membrane in vivo by visible short pulses [14] [15] [16] [17] . Twophoton excitation has also been tested in the application of FLIM to chloroplasts [18] [19] [20] [21] . However, there still remain several uncertainties in the potential and limitations in the FLIM measurements. First, excitation power dependence of the FLIM data has not been sufficiently documented. There are hundreds of photosynthetic pigments that can exchange electronic excitation energy. It is thus possible that annihilations between multiple excited pigments (singlet-singlet, singlettriplet etc.) can lead to an abnormally fast decay of fluorescence [18, 22, 23, 24] . It is also well known that strong pulse and/or continued illumination on the same sample region can temporarily convert substantial portion of reaction centers of PSII into charge-separated state that cannot perform primary charge separation (closed PSII). The closed PSII shows a longer fluorescence lifetime (about 0.7-2 ns) than PSII that is ready for the primary charge separation (about 0.17-0. 4 ns, open PSII) [15, 18, 21, [25] [26] [27] [28] [29] 30, 31] . The effects of annihilation and the open-closed status of PSII to the actual FLIM images can be predicted only if scanning parameters of the excitation laser, absorption cross section of PSII and transition rate from closed PSII to open PSII are all properly considered. Second, contribution of PSI to the chlorohyll fluorescence (CF) at physiological temperature has not been sufficiently characterized. PSI fluorescence is most conventionally measured at cryogenic temperatures, because fluorescence quantum yield from PSI and/or its closely associated antenna like light-harvesting complex I (LHCI) in chloroplasts are relatively enhanced in comparison with that of PSII [1] . However, PSI fluorescence at physiological temperatures is not negligible [26, 32, 33] . The lifetime of PSI fluorescence (about 0.025-0.12 ns) is generally reported to be independent of excitation light intensity and shorter than that of PSII [26, 28, [34] [35] [36] . It is then likely that the image of PSII/PSI ratio in various chloroplasts/cells can be potentially obtained if dependence of fluorescence lifetimes on laser power is obtained. It is thus desirable to accumulate examples of FLIM measurements on various types of thylakoid membranes with different ratios of PSI/PSII. Based on the above background, we have conducted FLIM measurements of an algal chloroplast and cyanobacterial cells with systematically varied excitation laser power. Our FLIM system has two channels of rigorously simultaneous fluorescence detection, largely corresponding to PSII and PSI. As a first test, we have avoided multicellular organisms in which it is difficult to estimate excitation power reaching a target focal plane. We have selected a filamentous diazotroph, Anabaena variabilis (A. variabilis), which contains differentiated cell, heterocyst. It is well known that the PSII content in matured heterocyst is far lower than that of vegetative cells in the same filament [9, 10, 37] . It is thus expected that FL of PSI-rich thylakoid membrane in the heterocyst can be obtained and compared with that of vegetative cells having substantial PSII in addition to PSI. As a second example, a unicellular green alga, Parachlorella kessleri (P. kessleri) was selected, because it lacks motility and has chlorophyll-based light-harvesting complexes [38, 39] . Our available excitation wavelength was 404 nm, at which chlorophyllbased light-harvesting systems show far greater absorption cross section than phycobilin-based antenna, phycobilisome (PBS), of cyanobacteria. It is then likely that multiple excitation effects in the single PSI and/or PSII units are more sensitively observed in the P. kessleri than in A. variabilis. In addition, we have composed a numerical simulation that almost fully reflects all relevant parameters: absorption cross section of PSII and its associated light-harvesting complexes, decay time constants of closed PSII (recovery time constant of open PSII) and laser-scanning parameters in the actually employed FLIM conditions. The simulation can largely reproduce experimental sensitivity of the FL to the absolute laser power. As an application example of our methodology, possible indication of functional PSII in the PSI-rich heterocyst was examined in detail. There have been reports on the presence of transcripts and proteins of PSII reaction centers in isolated heterocysts [40] [41] [42] . PSII activity in heterocysts in filaments in vivo was also reported by single cell variable fluorescence intensity [5] . These observations raised a question of how oxygen-sensitive nitrogenase for the nitrogen-fixation is compatible with the function of PSII in the heterocysts. Our methodology will hopefully add one more experimental observation on this interesting issue on a single cell basis in intact filaments.
Experimental
A. variabilis cells (strain NIES-2095) were purchased from the microbial culture collection at the National Institute of Environmental Studies (Tsukuba, Ibaraki, Japan). The cell filaments were grown photoautotrophically in nitrogen-free BG-11 medium (removing NaNO 3 and replacing ferric ammonium citrate with ferric citrate in the BG-11 formulation [43] ) for 3, 24, or 90 days at 29°C under a 15-h light/9-h dark photoperiod after an inoculation. The same nitrogen-free BG-11 medium was also used before the inoculation. The photosynthetic photon flux density at the sample position in an incubator was about 20 μmol photons m
. A cell suspension after a suitable dilution was transferred to glass-bottom dish (D111505, Matsunami, Osaka, Japan). One piece of agar was put on the cell suspension in order to immobilize cells at the surface of the cover glass. All microspectroscopic measurements were started after 15-20 min of dark adaptation period on the microscope stage (Table S1) .
P. kessleri cells were purchased from the IAM culture collection as IAM C-531 (now maintained as NIES-2160 in the microbial culture collection, at the National Institute of Environmental Studies, Tsukuba, Ibaraki, Japan). The cells used for measurement were grown photoautotrophically in 40 cm 3 of BG-11 incubation medium in the same incubator as A. variabilis for 15 or 29 days after an inoculation. The preparation for the microscopic observation was also the same as used for A. variabilis cells. All microspectroscopic measurements were started after 15-20 min of dark adaptation period on the microscope stage (Table S1) . Autofluorescence images and lifetimes of the cells were obtained by a laser-scanning confocal imaging system (DCS-120, Becker & Hickl GmbH) with time-correlated single photon counting (TCSPC) boards (SPC-152, Becker & Hickl GmbH). The glass-bottom dish containing cells was mounted on an inverted microscope (IX-71, Olympus), with which the confocal scanner (DCS-120) was coupled. Photosynthetic pigments were excited by the second harmonic beam (404 nm) of a mode-locked Ti:Sapphire oscillator (Coherent) with a repetition rate of 75.5 MHz. Two detection channels with band-path filters (673-698 nm and 703-740 nm) were simultaneously used to see mainly CF, which largely corresponds to PSII and PSI. The wavelength regions were optically selected by combinations of a long-wavelength-passing beam splitter (with an edge wavelength at 700 nm) and two bandpass filters. Residual laser light was rejected by long-wavelengthpassing filter with an edge wavelength at about 500 nm. The obtained datasets of FL images were analyzed using image analysis software (SPCImage, Becker & Hickl GmbH), and some kinetic traces of selected regions were fitted by Igor Pro (version 6, e.g., Figs. S1-S5). Images at different depth positions were obtained by using a piezo actuator for changing the focus of an oil-immersion microscope objective (Olympus UPLSAPO, 100XO, NA = 1.40). The excitation intensity of the laser was automatically controlled by a filter wheel with neutral density filters of different transmissions. A laser power of 20 nW at the sample position was confirmed by a power meter (PD-300-SH & NOVA, Ophir), and weaker laser powers were achieved by the filters of known transmission at 404 nm. Confocal pinhole sizes for the two fluorescence bands were manually changed between FLIM acquisitions at different laser powers (Table S1) , by which the maximal probability of detection of fluorescence photons per single excitation pulse was limited to at most 3 × 10 −3 at the brightest spot in fluorescence images. It is thus to be noted that fluorescence counts at different laser powers cannot be directly compared. (Figs. S2-S5 ). The instrument-response function (IRF) was 0.08 ± 0.015 ns at 689 nm and 0.10 ± 0.015 ns at 716 nm in full width at half maximum (FWHM). One test on time-resolution is shown in Fig. S1 . The curve with a time constant of 0.084 ns obtained in the constraint-free fitting is clearly better than that in the constrained fitting with a fixed time constant of 0.050 ns. As far as our data analysis is based on data with a comparable s/n or better, the distinguishability of the time constant is at worst about 0.03 ns (30 ps).
Results

Fluorescence lifetime imaging
FLIM measurements at varied laser intensities of A. variabilis were performed on 22 filaments of cells (or trichomes) including a total of about 190 vegetative cells and 22 heterocysts. One set of data is shown in Fig. 1 . The cells in the image panels are all vegetative cells except one heterocyst indicated by white (Figs. 1(a)-(o) ) or black ( Fig. 1(s) ) arrow heads. Three levels of excitation laser power, 0.08, 1.1 and 20 nW at the sample position were employed in this order (Table S1 ) in one set of experiments on 6 filaments containing 6 heterocysts that were 90 days after inoculation (Tables S2,S3 ). Five levels of excitation laser power, 0.08, 0.30, 1.1, 5.3 and 20 nW at the sample position were also analogously employed in this order in the other two independent sets of experiments on filaments harvested 3 and 24 days after inoculation (7 and 9 filaments containing 7 and 9 heterocysts, respectively) (Tables S2, S3 ). In order to check damage or any longlived actinic effects of previous laser scans on the sample, a FLIM measurement with the lowest power at 0.08 nW was always repeated after the measurement at the highest laser power (Fig. S2,S3 , Table S1 ). Average FL at each pixel,b τ N, was calculated according to the following formulae,
where temporal profile of fluorescence intensity at the pixel, F(t), was fitted by convolution of a sum of two exponential functions with the instrument-response function, IRF(s), (as Eq. (1)). The fitting yielded exponential decay time constants, τ 1 and τ 2 , and their amplitudes, A 1 and A 2 , in addition to a non-decaying component, A 0 . Our measurement time window was only between minus 0.3 ns and plus 2.7 ns, and the pulse-to-pulse interval in the excitation laser was 13.24 ns. The amplitude of A 0 thus suggests a long-lived fluorescence with an approximate lifetime between 2 and 13 ns. A 0 was always set to be zero in the SPC image analysis program. When fluorescence decay profiles were later extracted from certain specified areas of cells, amplitude of A 0 were set to be non-negative and they were typically 0-1% or at most 2-3% in a very few cases with a relatively poor s/n, which does not affect our following discussion (Tables 1-3 and S2-S4). In using the SPCimage analysis program for A. variabilis, a binning of pixels was performed in which photon data in 11 × 11 raw pixels (square region of about 1.94 × 1.94 μm) were all included to obtain a fluorescence decay profile at the center pixel. This binning was employed at all the laser power levels, which enabled us to obtain the color-coded images of average FL of cells even at the weakest laser power employed. However, it caused degradation of apparent spatial resolution in the average FL map. As the laser power is increased, the lifetimes in the whole filament except the heterocyst are elongated. At the weakest laser power of 0.08 nW, the most frequent average FL obtained at 689 nm is around 200 ps ( Fig. 1(p) ). The average FL at 689 nm given by the middle (1.1 nW) and strongest laser power (20 nW) are 300 and 570 ps, respectively ( Fig. 1(q) and (r) ). This elongation of average FL is evident in all the vegetative cells in both the two detection channels (689 and 716 nm). The FL of the heterocysts does not show obvious elongation. It is to be noted that contribution of the heterocyst to the lifetime histogram is recognized as a small peak around 0.08-0.09 ns and 0.12-0.13 ns in the cases of 689 nm and 716 nm, respectively ( Fig. 1(q) and (r)). Multi-exponential nature of the fluorescence decay is not visualized in the map of average FL like Fig.1 . Photon counting data, which are photon counts versus arrival times, were separately collected from the vegetative cells and heterocyst, which gave fluorescence decay traces ( Fig. 2 
0.34 a These parameters in the case of fluorescence at 689 nm were given by the curve fitting of the sum of all available data (3 independent experiments) at the same laser excitation power to the double exponential function convoluted with the IRF. See Table S2 for the parameters separately obtained for the three sets of experiments. b These parameters in the case of fluorescence at 716 nm are given as the average values obtained by the curve fitting for the two or three independent experiments (See Table S2 ). c All error bars in this table are given so as to cover the differences between the multiple data sets that were acquired independently (See Table S2 ).
on the approximate description of the whole data by at most two exponential functions, which is mainly for the consistency with the simulation framework (See Sections 3.2 and 4.6). It is to be noted that the short lifetime component of vegetative cell is limited in a very narrow range (0.22-0.26 ns in Table 1 ), which seems to be independent of the center wavelength of the fluorescence detection and the excitation laser powers employed, even though we did not impose any linkage of parameters (so-called globally common parameters) in the curve fitting between the different fluorescence traces. This lifetime is in good agreement with the most dominant component observed in an ensemble of cells of A. variabilis (0.22 ns and 85%) [44] . It is also largely comparable to CFL observed in other cyanobacteria at room temperatures (Table S6) [34, 36, [45] [46] [47] . The average FL of the vegetative cell gradually increases as the excitation power is raised, which is caused by the increase of the long lifetime component with time constants of 0.74-1.09 ns and 0.85-1.13 ns at the detection wavelengths of 689 and 716 nm, respectively ( Fig. 2 (a), Table 1 , Fig. S2 ). These behaviors are largely consistent with those reported in another cyanobacterium Synechococcus 6301 by raising the level of closed PSII [46] . In the sum of FLIM data of all 22 heterocysts, at least 94% of its fluorescence decays with a time constant of 0.080-0.089 ns and 0.14 ns at 689 and 716 nm, respectively, at all the excitation powers ( Table 2 , Fig. S2 ). There is a minor long-lived component with a time constant of 0.86-1.03 ns. Since single-cell fluorescence spectra and photochemical behavior changes during differentiation process [5, 9, 10, 48, 49] , it is likely that FLIM data from randomly selected heterocyst are 
a These parameters in the two wavelength regions are given as the average values between maximum and minimum obtained by the curve fitting for the three independent experiments (See Table S3 ). b All error bars in this table are given so as to cover the differences between the multiple data sets that were acquired independently (See Table S3 ). c One of the subsets of heterocysts (subset/w) includes 5 heterocysts with a substantial amplitude of long-lived fluorescence (N0.6 ns). The other subset of heterocysts (subset/w/o) includes 17 heterocysts with a relatively small amplitude of long-lived fluorescence (N0.6 ns).
Table 3
Parameters yielded by curve fitting of FLIM data of P. kessleri. heterogeneous, which may reflect developmental stage or age of each heterocyst. The 22 heterocysts that we analyzed were classified into two subsets (17 and 5 heterocysts) based on an approximate singleexponential curve fittings of the 689 nm fluorescence kinetics of individual heterocysts at the highest laser power (20 nW). The lifetimes of 689 nm fluorescence kinetics of the first subset (17 heterocysts) are shorter than those of the second one (5 heterocysts). The former and the latter subsets are designated as subset/w/o (without a substantial long-lived component) and subset/w/ (with a substantial long-lived component). Sum of photon data were separately prepared from the two subsets (Fig. 2(b) and (c), Table 2 , Fig. S4 ). The subset/w/ has a long-lived component even at the weakest laser power (0.57 ns, 8%) that was distinguishable from infinitely long-lived component (with an approximate time constant of 2-13 ns) and the amplitude of the long-lived component was constantly greater than those of the subset/w/o at all power levels ( Table 2) .
Excitation power dependence of FLIM in the case of P. kessleri were obtained for 32 cells at excitation laser powers that were about one order of magnitude weaker than those of A. variabilis (Figs. 2(d), 3 , S5, Table 3 ). Example of one data set, in which three cells were imaged at the same time, is shown in Fig. 3 . The color-coded average FL image for the P. kessleri cells was obtained with a binning of 21 × 21 raw pixels (square region of about 3.7 × 3.7 μm). Three or five levels of excitation laser power, (4, 55 and 1.0 × 10 3 pW or 4, 15, 55, 265 and 1.0 × 10 3 pW) at the sample position were employed in this order (Table S1 ). In order to check damage or any long-lived actinic effects of previous laser scans on the sample, FLIM measurement with the lowest power at 4 pW was repeated after the measurement at the highest laser power (Fig. S5) , which have shown essentially the same results as the first ones with the same power. One of the three cells (cell no. 2 in Fig. 3(m) ) showed clearly longer average FL than the other two cells (cell no. 1 and 3 in Fig. 3(m) ). Such a cell with exceptional lifetime was not included as the target cells of fine analysis on the fluorescence decay profiles. An elongation of the average FL was evident especially between 55 and 265 pW (Tables 3 and S4 ). The shortest lifetime observed in the case of P. kessleri was about 0.28-0.33 ns at 689 nm, which was always longer than that of the vegetative cells of A. variabilis (0.22-0.26 ns) (Figs. 1, 2, and Table 1 ).
Simulation on open-closed state of PSII under the FLIM imaging conditions
Although it seems to be well established that open and closed PSII show relatively short (0.1-0.4 ns) and long fluorescence lifetimes (0.8-2 ns), [15, 21, 25, 28, 29, 26, 27, 31, 30] (See also Tables S5 and S6 for more references), how the components appear in fluorescence kinetics under actual FLIM experimental conditions has remained unexplained in a sufficiently quantitative manner. The purpose of the computer simulation described here is to quantitatively support our hypothesis that double exponential decay observed in our FLIM measurements in vegetative cells of A. variabilis and P. kessleri (Tables 1, 3 , S2, S4) is a result of Table 2 ). (c) Selected 5 heterocysts of A. variabilis at two or three focal planes were used. These heterocysts were selected as having relatively high level of long-lived fluorescence at the highest laser power (See Table 2 ). (d) Photon count data from 32 cells of P. kessleri at 1-3 focal planes were used. Solid lines represent fitting curves made by convolution of the instrument-response function with a sum of one or two exponential functions. The parameters obtained through the curve fitting are shown in Tables 1-3 . The plots in black and red represent data and fitting curves in the cases of weakest and strongest laser power levels, respectively. More examples of fluorescence decay profiles of fluorescence at both 689 and 716 nm at all employed laser power levels are shown in Figs. S2-S5.
observing fluorescence from both open and closed PSII. Only an outline of the simulation is presented below and the details are fully described in Text S1.
The experimentally obtained fluorescence decay is made of fluorescence from many PSII units in the cells, but this situation is equivalently expressed by a single representative PSII unit at the position (x,y,z) = (0,0,0) with full description on the probability of open/closed status ( Fig. S6 and Text S1). In the simulation, a laser beam focus is moved in a manner of raster scan around the PSII, as in the experiments. Excitation probability of the PSII unit by a single laser pulse is assumed to be given by the single pulse laser energy, a Gaussian laser intensity profile, position of the laser focus, and an effective absorption cross section of PSII at the laser wavelength (404 nm) ( 
where t m and t m+1 represent a time in the simulation and its subsequent time, respectively, N PSII the total population of PSII in a unit volume (assumed to be constant), p f (j y (t m ) and j x (t m )) the probability for the PSII to be excited by the laser pulses between t m and t m+1 , j y (t m ) and j x (t m ) are x (horizontal-axis) and y (vertical-axis) interger coordinates with a unit length of 25 nm of the laser beam at the time t m , respectively, τ R the time constant for the closed PSII to be converted back into open state. The excitation probability function, p f in Eq. (3) (and in Eqs. (4)- (5) (vide infra)), is set to be two-dimensional Gaussian and non-zero only when −10 ≤ j y (t m ) ≤ +10 and −10 ≤ j x (t m ) ≤ +10. This means that PSII is excited only when the laser spot resides in the square of a side length of 500 nm that is centered at PSII (See Supplemental Fig. S6 and Text S1). Closed PSII is set to be generated from the optically excited PSII supercomplex with a probability of 0.80, which is the most typical parameter F v /F m of dark-adapted chloroplasts in the pulse-amplitude-modulation fluorometry (PAM) [50] [51] [52] . The same yield was also applied to the case of A. variabilis, because similar One should take into account the weights (w 1 , w 2 , w 3 ) of the three different time constants, τ R,1 , τ R,2 , τ R, 3 , for the recovery of open PSII from closed PSII [55, 56] . The experimentally obtained dependence of FLIM on the laser power should be compared with a weighted average as follows (cf. Fig. S8 ).
More details of this simulation is fully described in Text S1. Relatively long-lived components (N0.6 ns) show greater weights at 689 nm than at 716 nm (Tables 1-3) , which is understandable because PSII and PSI show maximum CF intensity near 689 and 716 nm, respectively [8, 9, 7, 11, 32, 26] and because the FL of only PSII shows an elongation due to increase of the laser power [26, 27] . It is thus reasonable that our simulation on PSII is compared with the amplitude ratio of the longlived components at 0 ps (A 2 /(A 0 + A 1 + A 2 ) in Eq. (2)) in the 689 nm CF kinetics (Fig. 4) . Contribution of PSI CF is not considered from the beginning in the simulation, but it will be later considered if its contribution is unavoidable, especially in the case of a cyanobacterium A. variabilis that is generally more rich in PSI than in green algae (including P. kessleri) [57] .
One essential parameter in the simulation is the absorption cross section of PSII supercomplex, to which the excitation probability function, p f in Eqs. (3)- (5), is proportional. The pigments of PS II monomer of A. variabilis was assumed to be the same as those in the core of the PSII complex from Thermosynechococcus vulcanus [58] , in which 35 molecules of Chla, 2 molecules of pheophytin a and 11 molecules of β-carotene are contained. Absorption coefficients of these molecules at 404 nm ( Table S7 ).
Cyanobacterial PSII is assumed to be in the state 2 since we have given a dark period of 15-20 min before each set of measurements (Table S1 ) [62, 63, 64] . One simulation was thus carried out with a minimal lightharvesting ability for PSII, where there is no PBS transferring energy to PSII. The reopening time constants of PSII in A. variabilis (the transition from closed state to open state) were assumed to be the same as those in another cyanobacterium, Synechocystis sp. PCC 6803 [55] , in which there are three time constants (0.22 ms (68%), 2.9 ms (23%) and 13 s (9%)). The simulation yielded ratios of the accumulated number of excitations of closed PSII to the total accumulated number of excitations of PSII in A. variabilis at varied excitation laser power (PSII alone, dashed line in Fig. 4(a) ). The possible association of PBS to PSII makes the effective absorption coefficient of PSII even larger, although the energy transfer efficiency from phycocyanin in PBS to PSII was reported to be 78% in a red alga Porphyridium cruentum and 86% in a cyanobacterium Anacystis nidulans, which was found to be substantially lower than about 100% in the transfer from Chlb to Chla in a green alga Chlorella pyrenoidosa [65] . The energy transfer from PBS to PSII lifts the simulation curve to the upper side, which results in an even greater gap between experimental and simulation plots (PSII + full PBS, solid line in Fig. 4(a) ). On the other hand, the deviation of the simulation from experimental data can be alleviated if one considers contribution of PSI. Contribution of PBS fluorescence is not considered here, because the excitation wavelength at 404 nm was relatively preferential for Chla and the cyanobacterium was set to be state II (See also Section 4.3 and Table S7 ). In the modified simulation to better reproduce the experimental plot, the CF from PSI is assumed to contribute to 33% of the total amplitude at the weak excitation limit, and its lifetime (about 0.025-0.12 ns) [26, 28, [34] [35] [36] are safely in the short lifetime range (b 0.25 ns) at all excitation laser power levels (PSII alone × (2/3), dashed and dotted line in Fig. 4(a) , cf. Table 1 ).
In the case of P. kessleri, a green alga, the initial state of the thylakoid membrane before each set of FLIM measurements is state 1, because the dark period of 15-20 min was also given (Table S1 ) [66] . The organization of PS II supercomplex of P. kessleri was assumed to be the same as that proposed in the case of Chlamydomonas reinhardtii [67] . When light-harvesting ability per PSII is largest (state 1), there are three trimers of LHCII, one CP26 and one CP29 per PSII monomer in the model PSII complex (Text S2). The total number of pigments per monomer PSII were largely based on a reference [68] . In addition to the above-mentioned absorption coefficients for the pigments common to cyanobacterial PSII, absorption coefficients of the other pigments at 404 nm (1. 45 (Fig. 4(b) ). We also added another simulation curve in the case where effective absorption cross section is twice (380 Chla) [72] . The decay of the closed state of PSII in P. kessleri, (reopening of PSII) was assumed to be the same as that in C. reinhardtii, in which there are three time constants (0.23 ms (73%), 46 ms (16%) and 7.5 s (11%)) [56] . We also performed an extra FLIM experiments with an excessively strong excitation power, which yielded a decay profile to be fitted by a sum of two exponential functions with time constants of 0.60 ns (33%) and 1.42 ns (67%) (Fig. S6) , although the target cells measured for the Fig. S6 on a longer time scale were different from those analyzed as in Tables 3 and S4 . This result is also added to the Fig. 4(b and c) . The relatively short time constant of 0.60 ns at 6 nW excitation is clearly longer than those at the lower excitation powers (Tables 3 and S4 ). Possible presence of more than two decay time constants in the CF decay suggests that the open-closed PSII model (two-state model) is not sufficient. Given the current simulation framework and the signal-to-noise ratio, not the amplitude ratio of relatively long-lifetime component, but the average lifetime (Eq. (2)) is tentatively fitted by the simulation results as a compromise (Fig. 4(c) ). The average FL at the weak limit and longest FL observed as a slowly-decaying component was averaged with weights of open and closed PSII that Table 3 ). The data point at 6 nW (log 10 (6000)~3.78, closed square (■)) was obtained from a separate measurement on different cells described in Supplemental were given by the simulations at varied laser intensities, which nicely reproduces the experimental average FLs.
Discussion
Contribution of PSI fluorescence
Chlorophyll FL (CFL) of PSI (about 0.025-0.12 ns in the previous works) in live cells have been reported by careful decomposition/ deconvolution in wild type cells [26, 31, 35] or from PSII-deficient mutant cells that were grown heterotrophically [34, 36, 73] . To the best of our knowledge, the CF obtained from single heterocysts of A. variabilis in this work is probably a rare example in that CF in wild-type intact cells is almost purely attributable to PSI. However, it should be noted that PSI in heterocyst may be associated with the so-called rod part of PBS (consisting of phycocyanin (PC) and phycoerythrocyanin (PEC)) [9, 41, [74] [75] [76] . The high purity of the PSI (nearly negligible contribution by PSII) in the heterocysts is supported by several features, although possible minor contribution of PSII is also analyzed in the next Section 4.2. First, there is almost no increase of slowly-decaying component in heterocyst by the increase of laser power (Table 2, Figs. 2(b) , (c), S3, S4). Even in the selected subset of heterocysts (subset/w) ( Table 2) , the increase of the long-lived component at 689 nm is from 8% to at most 12% in the amplitude while the corresponding long-lived component in vegetative cells increases in the amplitude from 2.5% to 37% between 0.08 and 20 nW. Second, the CFLs at both 689 and 716 nm in heterocyst are clearly shorter than those in vegetative cells (Table 1) . This reflects higher abundance of PSI in heterocyst as CFL of PSI is widely reported to be shorter than that of PSII [18, 28, 36, 77] . Third, the CFL at 689 nm of heterocyst is shorter than that at 716 nm. This is in contrast to the very similar CFL of the short-lived component (0.22-0.26 ns) in the vegetative cells between 689 and 716 nm (Table 1 ). This feature is consistent with the observation in purified PSI complexes (PSI or PSI-LHCI) or in mutants lacking PSII and its associated antenna system, in which there are one relatively fast decay around the main peak of the Qy band (major spectral forms of Chla in PSI, with fluorescence wavelength b700 nm) and one relatively slow decay of the so-called minor long-wavelength-absorbing form (N 700 nm) [36, 77] . For example, one of the above-cited time-resolved spectroscopic study reported two main fluorescence decay lifetimes of 15 ps and 50 ps that are attributable to net loss of fluorescence (trapping) in isolated PSI from a cyanobacterium Spirulina platensis [77] . In their work, the fast trapping component (15 ps) is centered around 700 nm with an approximate FWHM of 46 nm, whereas the slow component (50 ps) is centered around 730 nm with an approximate FWHM of 57 nm. Although our IRFs (0.08 ns at 689 nm and 0.10 ns at 716 nm in FWHM) and the signal-to-noise ratio are presumably not sufficient to resolve the two trapping components at a single wavelength alone, the relatively slow decay at 716 nm (0.13-0.14 ns) than at 689 nm (0.084-0.096 ns) of the CF in heterocyst is most plausibly attributable to the presence of the two trapping dynamics with different spectra and lifetimes in PSI. This trend would not be easily observed if there was a substantial contribution from PSII to the wavelength region around the main Qy peak (around 689 nm), as the CFL of PSII is generally even slower than the slow trapping component in PSI.
Contribution of PSI in the vegetative cells of A. variabilis is noticeable as a decreased amplitude of the long-lived CF due to closed PSII around 716 nm (16% at 20 nW) than that around 689 nm (37% at 20 nW in Table 1 ). The decreased amplitude of the long-lived component at 716 nm than at 689 nm can be at least in part attributable to higher spectral weight of PSI at 716 nm than at 689 nm. Contribution of PSI in P. kessleri was also noticeable in the varied amplitude of the long-lived components (28% at 716 nm vs. 53% at 689 nm with 1.0 × 10 3 pW in Table 3 ). These suggest that not only the dependence of FL on laser power but also dual-wavelength detection can be helpful for imaging PSI/PSII.
Long-lived fluorescence and possible presence of PSII in heterocysts
In one selected subset of heterocysts (subset/w, 5 among 22 heterocysts), a long-lived fluorescence with a lifetime of 0.57-0.74 ns was found with a substantial amplitude larger than 8% at all laser intensities (Table 2, Fig. S4 ). However, its increase in amplitude by the rise of laser power was only from 8 to at most 12% (Table 2 , Fig. S4) , which is about one-order of magnitude smaller than that in vegetative cells (from 2.5 to 37%, Table 1 ). The amplitude of 8% at the weakest excitation should be thus attributed to long-lived fluorescence other than closed PSII. One possibility is that these indicate phycobilisomes or parts of phycobilisomes that are uncoupled from both PSII and PSI [78] . In our random selection of heterocysts, it is impossible to avoid premature heterocysts, which temporarily contain substantial number of uncoupled highly fluorescent phycobilisome [9, 49, 79] . Given this possibility, the small increase of the long-lived component from 8 to 11-12% in the subset of heterocyst (subset/w) by the rise of laser intensity (Table 2 ) may also be attributable not to stable presence of functional PSII but to residual but photochemically active PSII that is not yet decomposed during the heterocyst differentiation. It should be noted that the substantial amplitude of the long-lived component was observed only in the minor subset (subset/w): 3 heterocysts in filaments harvested 24 days after the inoculation (total was 9 heterocysts), 2 heterocysts in filaments harvested 90 days after the inoculation (total was 6 heterocysts), and none in filaments harvested 3 days after the inoculation (total was 7 heterocysts). All these inoculations were not step-down of the nitrogen, but simply dilutions of cells from cell-rich nitrogen-deficient media to new nitrogendeficient media. As far as randomly sampled 22 heterocysts in this study are concerned, we tentatively estimated that photochemically active PSII:PSI ratio in heterocysts are estimated to be typically below our detection limit and at most about 5% in limited cases in comparison with that in vegetative cells (See Text S3 for the details of this estimation). This number was given on an assumption that effective light-harvesting abilities of PSII in vegetative cells and heterocysts are the same under the experimental conditions in this work (state II and 404 nm excitation). To further clarify the molecular entity of the long-lived fluorescence, it is thus desirable to carry out a FLIM-based time-lapse observation on heterocyst differentiation, which will be described in our next publications.
Fluorescence lifetime when PSII is in the open state
Most obvious mission of FLIM should be to obtain absolute values of CFLs in a wide spatial region including three dimensional objects like plant leaves. Straightforward comparison of CFLs between different organisms or different cells is generally meaningful, but only when CFLs to be compared should be obtained at well-defined excitation and preillumination conditions, e.g., at weak excitation limits after dark adaptation that are generally attained at different laser powers for different organisms/tissues, as demonstrated in Fig. 4 . The average FL at 689 nm seems to reach a weak limit below 0.30 nW and 55 pW in the cases of A. variabilis vegetative cells and P. kessleri cells, respectively (Tables 1  and 3 , Fig. 4) , although double exponential curve fitting did not give constant results due probably to the limited s/n ratio in the relatively weak excitation powers. The average FL with PSII in the open state thus seems to be 0.25 ns and 0.36-0.39 ns in the cases of A. variabilis vegetative cells and P. kessleri cells, respectively, which are largely consistent with previous reports (Tables S5, S6 ). Even if the primary charge separation in the isolated core PSII dimer is intrinsically common between P. kessleri and A. variabilis, the different CFLs between A. variabilis and P. kessleri at the weak limit (0.25 and 0.36-0.39 ns, respectively) observed in this study can be caused by the difference in the organization of light-harvesting system. With the 404 nm excitation in our PSII models, 63% and 26% of the excitation at 404 nm is estimated to initially reside in the PSII dimer in A. variabilis and P. kessleri, respectively (Table S7 and S8), when any excitation in the whole PSII supercomplex including associated phycobilisome is set to be 100%. In addition, back energy transfer from the PSII dimer to light-harvesting systems in the P. kessleri (PSII → LHCII, CP26 and CP29) seems to be far more significant than that in A. variabilis (PSII → APC, PC, PEC). This is supported by the estimation of number of pigments weighted by the thermal excitation probability in both the core PSII dimer and associated light-harvesting systems (Tables S7 and S8 ). It should be also noted that PBS tends to be associated with PSI rather than with PSII in the dark-adapted state (state 2 in the case of cyanobacteria) [2, 62, 63] . It thus seems very reasonable that average FL at the weak limit in A. variabilis is shorter than in P. kessleri upon the 404 nm excitation. However, it should be certainly noted that contribution of PSI, which has a CFL of largely 0.08-0.09 ns at 689 nm in heterocyst in A. variabilis (Table 2) , should also make the apparent CFL of vegetative cells around 689 nm shorter than that of pure PSII to some extent. The contribution of PBS to the lifetime of vegetative cells of A. variabilis at 689 nm is likely less substantial than that of PSI, since substantial part of PBS is dissociated from PSII by the state II conditions and the excitation wavelength at 404 nm is more preferential for Chla than phycobilin (Table S7 ).
Transition from open to closed state of PSII as observed by varied excitation laser power
The transition from open to closed state in the majority of PSII of A. variabilis is observed at about one-order of magnitude higher excitation power than that of P. kessleri. The recovery dynamics of open PSII from closed PSII in cyanobacteria (0.22 ms (68%), 2.9 ms (23%) and 13 s (9%) in Synechocystis sp. PCC 6803 [55] ) seems to be largely similar to that in green algae (0.23 ms (73%), 46 ms (16%) and 7.5 s (11%) in C. reinhardtii [56] ). The difference in the laser power necessary to close most PSII thus seems to be primarily attributable to the difference in the absorption coefficient at 404 nm for PSII. In P. kessleri, as one of green algae, PSII possess an antenna system that contains Chla and chlorophyll b (Chlb) as main antenna pigments exhibiting strong absorption mainly in the blue-green and red regions [80, 81] . For the simulation, we have assumed the same molecular organization of PSII supercomplex as in C. reinhardtii [67] , the total absorption coefficient per PSII monomer in state 1 (Text S2) is equivalent to about 191 Chla molecules per monomer PSII (Fig. 4(b) ). The simulation curve for the light-harvesting ability equivalent to 380 Chla may give a slightly improved fit to the experiment. Absolute absorption cross section of PSII in Chlorella vulgaris was reported to be equivalent to 130-400 Chla [72] . It should be also noted that there remains a certain long-lived component (≥0.6 ns) even at the weak limit, which is similar to the situations in some references reporting such minor long-lived component (See Table S5 for references) [26, 35] . Given this possibility, the estimated ratio of closed PSII based on the amplitude of the long-lived component (closed circles in Fig. 4(b) ) may have to be modified. On an assumption that 12% of the amplitude at zero time (the amplitude of the 0.82 ns component at 689 nm, 4 pW in Table 3 ) is intrinsically given by the open PSII, our experimental data yield another plot for the ratio of closed PSII (open circles) in Fig. 4(b) . This modified experimental plot matches well with the simulation. In the case of A. variabilis, the experiment was best reproduced by the simulation if all PBS components are dissociated from PSII and if PSI contribute to the short-lived component (≤0.23 ns) at 689 nm by about 33% in the amplitude ratio at t = 0 ps (the simulation curve: PSII alone × (2/3) in Fig. 4(a) ), as explained in Section 3.2.
The rise in FL with the increase of laser power is sensitively influenced by both the antenna size of PSII and recovery dynamics of open PSII from its closed states (Fig. S8(b) ). Although the two factors of antenna size and the recovery rate of open PSII are inseparable in the input-power dependence of FLIM alone, FLIM will be certainly helpful for obtaining a new type of images on antenna size and/or recovery rate of open PSII. For example, about 3-4 cells near the heterocyst cell in A. variabilis (part A of the filament in Fig. 1(f) ) show an average FL of about 0.25 ns, and about 2 cells in the same filament (part B of the filament in Fig. 1(f) ) show an average FL of about 0.4 ns at the same excitation power. Such a difference is not yet generalized, but it may suggest differently regulated light-harvesting abilities and/or redox conditions of plastoquinone pool affecting electron transfers from Q A [53, 64] . Properties of individual vegetative cells as well as heterocysts will be analyzed based on FLIM data in our next publications.
Relevance of FLIM to PAM parameters
Pulse-amplitude-modulation fluorometry (PAM) of CF is probably the most popular chlorophyll fluorometry on photosynthetic organisms [51, 52] . There have been extensive reports demonstrating microscopic images for PAM-related parameters from individual chloroplasts and cyanobacterial cells [5, [82] [83] [84] [85] . FLIM data with varied excitation power also contains information directly related to the PAM. Since the simulation based on open-closed status of PSII in this study largely reproduced the experimental results in terms of ratio of closed PSII included in the FLIM data (Fig. 4) , the maximum yield of PSII charge separation under dark-adapted chloroplasts or cyanobacteria in PAM analysis is related to the CFL as follows.
for P. kessleri (cf. Table 3 , Text S6, Fig. S7 ).
for vegetative cells of A. variabilis.
(cf. Table 1 , Text S6). The above b τ open N and τ closed are set to be the average fluorescence lifetime at 689 nm at the weakest laser power and the time constant of the slowly-decaying component at 689 nm at the highest laser power, respectively. In the above estimation, we assume that the average fluorescence lifetime at a sufficiently high laser power to close all PSII should be equal to the CFL of the most long-lived component that we observed. In the case of P. kessleri, this value is slightly lower than the typical value of (F M − F 0 ) / F M = F V /F M (about 0.8) in dark-adapted state in the PAM fluoromerty on green algae including Chlorella [62, 86] , although the two values should be ideally the same in the simple two-state model (Text S6). Possible activation of protective quenching against excess excitation (so-called nonphotochemical quenching, NPQ) during the scanning laser illumination may decrease the apparent maximum yield of PSII charge separation through shortening of τ closed . However, such a scenario is unlikely in this study, because the average intensity of the excitation laser at 1 nW (strongest laser power in the consecutive FLIM measurements in the case of P. kessleri summarized in Table 3 ) for 45 × 45 μm scanning area is estimated to be about 1.7 μmol photons m
. This is about one or two order of magnitude smaller than that used for actinic light in most PAM measurements to induce NPQ [51, 52] . Moreover, consecutive FLIM measurements for a total exposure time of 45 s at even higher excitation laser at 6 nW (the other experimental conditions are unchanged from those used in the results of the main text) did not show noticeable changes in CF decay profile from the first 4.5 s to the last 4.5 s in the case of P. kessleri cells (Fig. S7) . The above discrepancy in the maximum quantum yield (between 0.73 and about 0.8) may suggest an underestimation of the amplitude of some short-lived component in the fluorescence decay due to our limited time-resolution (FWHM of IRF was 80 ps at 689 nm) and/or s/n. On the other hand, the above value of (b -
dark-adapted cyanobacteria [53, 62, 64] . This is caused by the contribution of at least PSI and also PBS to the short lifetime component with the FL of about 0.23 ns (See Section 3.2 and Fig. 4(a) ). The PSI/PSII ratio in cyanobacteria are generally higher than those in green algae [57] . It is thus likely that CFL of pure PSII is longer than 0. [5] . The estimation on heterocysts based on our results, however, critically depends on the two subsets, subset/w/o and subset/w, for which the Eq. (9) gives 0.07 and 0.27 based on Table 2 , respectively. According to the time-dependent F V /F M values after the nitrogen step-down in the reference [5] , the value of 0.07 for the subset/w/o corresponds to a late "stress period" (about 30 h after the nitrogen step-down). The value of 0.27 for the subset/w corresponds to an early "stress period" (about 20-25 h after the nitrogen step-down) or "acclimation period" (about 120 h after the nitrogen step-down). In the former case, the relatively minor subset of heterocysts (subset/w having a substantial long-lived fluorescence) is indeed understandable as a transient state during the heterocyst development. However, it should be noted that our estimation is critically dependent on the accuracy of the curve fitting at the weak excitation limit and that we need to increase the number of sampling in order to reach a definite conclusion.
Limitations of current simulation model and data analysis
Some previous studies have suggested a need to introduce the socalled three-state model of the charge separation assuming open, semiclosed, and closed states, which reflect redox states of at least two sequential electron acceptors (Text S5) [87, 88] . Semi-closed state is suggested to show lower fluorescence quantum yield than that in fully closed state [87] , which may be consistently observed in this study as the slightly shorter CFLs of the "closed" state at the medium laser powers (0.63-0.82 ns at 4-265 pW in P. kessleri) than those at the highest laser power (1.24-1.42 ns at 1.0-6.0 × 10 3 pW in P. kessleri) ( Table 3 , Fig. S5 ). The need for the three-state model is also supported by the residuals and chi square values of the curve fitting in Figs. S2 -S5, which show that the single or double exponential function are sufficient only at weak -medium excitation powers that we employed. The presence of more than two exponential components at the relatively high laser powers should be explained in an improved model in our next publications. Moreover, even at low laser powers where most PSII are open, the intrinsic fluorescence decay of PSII is generally multiexponential with at least 3-5 lifetimes in both green algae [25, 31, 35] and cyanobacteria [36, [45] [46] [47] especially when the decay of CF is observed from many cells by non-FLIM TCSPC with a high s/n (See also Tables S5, S6 ). The sufficiency of single or double components especially at the relatively weak laser powers in our case is just given by our limited s/n. The relatively low s/n is inevitable as far as we primarily concern imaging in order to resolve individual cells within a short time. Our contribution is thus focusing on the overall reproduction of the experimental results, which are approximately described as sum of at most two exponential functions at all power levels, by the relatively crude but elaborate two-state model for the PSII status. Improvement of the simulation model together with the more accurate analysis on the experimental results will be carried out in our next studies with more focus on differences between individual cells.
Comparison with other FLIM studies in terms of open-closed status of PSII and laser power dependence
A brief overview is given to the laser power levels and/or excitation probabilities that are employed in previously reported FLIM-based imaging of chloroplasts and cyanobacteria. In some cases, NPQ processes were mainly studied at light levels that seem to close substantial fraction of PSII [14, 16] . In one of the studies [16] , the major CFL in avocado plants was about 1.5 ns (probably from closed PSII) and activation of NPQ was observed as appearance of CFL around 0.5 ns. A certain oligomeric state of LHCII was suggested to show a CFL of 0.4 ns when NPQ was induced in Arabidopsis leaves [89] . In other cases, average CFL was found to be in the range between 0.15 and 0.5 ns at relatively weak laser power [15, 21, 36, 90] . On the other hand, CF with two-photon excitation has been reported to decrease in lifetime by raising incident laser power [18, 19] , which has been ascribed to singlet-singlet and/or singlet-triplet annihilation. This is a qualitatively different trend than those reported with visible excitation including this work [34] . Singlet-singlet annihilation can be operative only when a single laser pulse excites multiple pigments in the same or nearby PSII unit(s) among which at least multi-step energy transfer to each other is possible, because typical pulse-to-pulse interval of about 10 ns or longer (13.2 ns in this work) is sufficiently longer than lifetime of fluorescence (lifetime of singlet excited state of Chls). Our estimation of the excitation probability of PSII in P. kessleri by a single laser pulse of 1 nW power (at 404 nm, and highest laser power in Table 3 ) is only about 5 × 10
, by which singlet-singlet annihilation should be virtually negligible (Text S5). If prepared concentration of excited PSII at the focus and detection efficiency of CF in the references ( [18, 19] ) are comparable to our conditions, singlet-singlet annihilation can thus be safely excluded. Singlet-triplet annihilation may be operative, since formation of triplet state(s) of Chls and/or carotenoids is certainly enhanced when substantial portion of PSII is closed at high input laser power and their lifetimes are in the range of μs to ms [91] [92] [93] [94] . The long-lived triplet states may thus interact with singlet excited state prepared in the subsequent laser pulses, which leads to shortening of fluorescence lifetime. Lifetime shortening in the FLIM by NPQ and singlet-triplet annihilation may be differentiated on a more quantitative basis if one performs a numerical simulation to estimate the transient accumulation of the triplet states during FLIM imaging, as shown in this work.
Conclusions
FLIM data of a single cellular green alga P. kessleri and nitrogen-fixing filamentous cyanobacterium A. variabilis were obtained at varied excitation powers. At weak excitation limits, fluorescence lifetimes of the thylakoid membrane with mostly open PSII can be obtained, although it takes a long total exposure time to obtain a high quality image. The transition in FLIM data from the weak excitation limits to higher powers that close a substantial fraction of PSII can be successfully explained by a numerical model considering the open-closed status of PSII based on absolute laser powers. The difference in FLIM between P. kessleri and cyanobacterium A. variabilis can be largely explained by the difference in the light-harvesting ability of the PSII supercomplex at the excitation wavelength at 404 nm. The fluorescence decay in nitrogen-fixing heterocysts is largely independent of the excitation power. This reflects a high purity of PSI in the unique heterocyst thylakoid lacking PSII. Among heterocysts that were randomly sampled, photochemically active PSII/PSI ratio in heterocysts is at most about 5% in comparison with that of vegetative cells. Heterogeneous properties of individual heterocysts were found, but accurate determination of their physiological states should await further studies.
A whole plant leaf can be a target of FLIM, but special care should be taken when comparing chloroplasts in deep regions with those close to the surface, because it is in general difficult to estimate absolute laser power reaching deep individual chloroplasts. The dependence of FLIM on laser power is sensitively influenced by at least the antenna size of PSII and recovery rates of open PSII from its closed states. A simulation fully reflecting laser scanning conditions, as shown in this work, will potentially help one to interpret observed features of FLIM images in terms of important parameters of photochemistry in individual chloroplasts, cyanobacterial cells and thylakoid domains. 
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